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The protein involucrin is a precursor of the cross-linked 
envelope that forms during terminal differentiation of the 
keratinocyte. Most of the human involucrin molecule con- 
sists of a segment of homologous repeats of a sequence of 10 
amino acids. A similar segment is present in the involucrin of 
other higher primates, but not in lower animals. We show 
here that the older part of the involucrin molecule (the an- 
cestral segment) is present in the epidermal cells of subpri- 
mates. This has been demonstrated with antisera prepared 
against different peptides of the ancestral segment of the 
human protein. No single antiserum detects involucrin of all 
subprimate species, but probably all involucrins can be de- 
tected using antiserum against some sequence in the ancestral 
segment. Although the involucrin gene has been extensively 
remodeled in higher primates, its origins extend lower in the 
animal kingdom.] Invest Dermatol92:721- 724, 1989 
T 
he protein involucrin was discovered in cultured 
human epidermal cells [l] where it acts as a substrate 
of transglutaminase and becomes cross-linked into a 
submembranous envelope [ 1 - 31. The nucleotide se- 
quence of the involucrin gene consists of an ancestral 
segment and a segment of repeats [4]. In the human, this segment of 
repeats (called the modern segment) consists of 39 repeats of a 
IO-amino-acid sequence (Fig 1). The modern segment divides the 
ancestral segment into two parts, a 153-amino-acid N-terminal 
part, and a 45-amino-acid C-terminal part [5,6]. 
Antisera to human involucrin react extensively with involucrin 
of other higher primates, but are virtually unreactive against any 
epidermal protein of subprimates [7-91. This does not prove that 
subprimates lack some form of involucrin, as polyclonal antiserum 
to human involucrin reacts mainly with the repeating epitopes of 
the modern segment. 
We have now made synthetic peptides corresponding to different 
sequences in both parts of the ancestral segment of human involu- 
crin. Antisera to two peptide sequences of the N-terminal part re- 
vealed involucrin in the lemur, dog, and rabbit. 
MATERIALS AND METHODS 
Cell Culture Keratinocytes of the human (strain N), pig, rabbit, 
and dog were grown as previously described [3,10,11]. 3T3 cells to 
be used as feeders were grown in the Dulbecco -Vogt modification 
of Eagle’s medium supplemented with 10% calf serum. 
Preparation of Involucrin for Electrophoresis Involucrin was 
partially purified according to the procedure of Etoh et al [12]. Cells 
were grown to confluence, harvested in isotonic phosphate buffer 
containing 20 mM EDTA (pH 7.5), and disrupted by a 3 X 3 s 
sonication using a Bronson sonifier. The cytosol was then cleared of 
particulates by centrifugation for 30 min at 50,000 g. The superna- 
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tant was made 10% in glycerol and 62.5 mM in Tris-HCl, pH 6.8, 
and heated for 10 min at 100°C. Denatured proteins were removed 
by centrifugation for 10 min at 15,000g. To an aliquot of the 
supernatant, sodium dodecyl-sulfate (SDS) was added to 2%, and 
P-mercaptoethanol to 5%, and the solution was subjected to gel 
electrophoresis using buffer not containing SDS. Under these con- 
ditions, most proteins fail to migrate as discrete bands, but involu- 
crin gives a band easily detected by staining of the gel with Coomas- 
sie R-250 [12]. 
Peptide Conjugation and Immunization Peptides were pur- 
chased from the Peptide Synthesis Facility at the University of 
California Molecular Biology Institute or from Biosearch, Inc. Re- 
sidual organic solvents were removed by extraction with ether. 
Except for peptide of residues 2-21, which was not soluble in 
aqueous solution, all peptides were dissolved directly in 0.1% triflu- 
oroacetic acid and purified by reverse phase chromatography. Each 
peptide was loaded onto a Pharmacia Cl8 column and the column 
washed with 5 ml of 0.1% trifluoroacetic acid. The peptide was 
then eluted with a O-50% acetonitrile gradient at a flow rate of 
1 ml/min for 50 min. Fractions corresponding to the major peak 
were pooled, lyophilized, and resuspended for conjugation, The 
peptide containing residues 2 - 21 was used without purification and 
conjugated in suspension. 
Each peptide was conjugated to Keyhole Lim et hemocyanin. 
This was accomplished using two methods. The f! rst used I-ethyl- 
3-(3-dimethyl-aminopropyl) carbodiimide as the cross-linking re- 
agent, as described by Goodfriend et al [13]. The second procedure 
used glutaraldehyde and was carried out essentially as described by 
Kagan and Glick [14] with the following modifications. To 0.3 ml 
of isotonic phosphate buffer containing 0.5 mg of peptide and 
1.0 mg of hemocyanin, glutaraldehyde was added to 0.1% and the 
reaction was allowed to proceed for 1 h at room temperature. The 
reaction was terminated by addition of Tris-HCl, pH 8.0, to 50 mM 
and the solution dialyzed overnight against water. 
Each peptide was conjugated by both methods. The two conju- 
gates were pooled and used to immunize. A volume equivalent to 
50 pg of intact protein was added to 0.5 ml of neutral isotonic 
phosphate buffer and 0.5 ml of Freund’s complete adjuvant (first 
injection) or Freund’s incomplete adjuvant (booster injections) and 
injected subcutaneously into rabbits. Booster injections were given 
every 2 wk. The animals were bled from the ear 1 wk after each 
injection. 
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Figure 1, Structure of human involucrin. The modern segment of the human protein (residues 154- 540) contains 39 repeats of a IO-amino-acid sequence. 
Related modern segments are found only in higher primates. The modem segment is enclosed by the ancestral segment. Antipeptide antibodies were raised 
agamst sequences m the ancestral segment; these sequences are indicated by the black rectangles, numbered 1 - 4. The amino acid sequence of the entire protein 
was deduced from that of the coding region of the gene and the N-terminal methionine, not present in the mature protein, is numbered as residue 1. 
Immunoblot Analysis This was carried out using a modification 
of the protocol of Davis and Bennett [ 151 as described by Simon and 
Green [3]. The naphthol color reagent (Biorad) was used at 
60 mg/20 ml of methanol. 
Amino Acid Analysis Amino acid analysis was performed on 
Beckman amino acid analyzer, courtesy of Dr. Lisa Steiner (MIT) 
and Ms. Li-ping Li. 
Cross-Linking Assays Each involucrin was labeled in vitro with 
r4C-glycine ethyl ester (5 PCi, 1 mM) [3]. The keratinocyte-specific 
transglutaminase was supplied by a cytosol-free particulate fraction 
of human keratinocytes. The reaction was initiated by addition of 
10 mM CaCl, and terminated by addition of EDTA to 20 mM. 
Particulates were removed by centrifugation and the supernatant, 
containing unpolymerized involucrin, was subjected to acrylamide 
gel electrophoresis according to Laemmli [16] and as modified by 
omission of SDS from the running buffer [12]. 
RESULTS 
Presence of an Involucrin-Like Protein in Subprimates 
When a cytosolic extract of keratinocytes of higher primates is 
heated to 100°C [12] or precipitated with trichloroacetic acid [9], 
most proteins are irreversibly precipitated but involucrin is not. 
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Figure 2. Involucrins of primates and subprimates. Involucrin extracted 
from keratinocytes was partially purified and electrophoresed in the absence 
of SDS according to Etoh et al (1986). The gel was fixed and stained with 
Coomassie blue. Panel A (6% polyacrylamide) shows involucrin of (1) 
human and (2) lemur. Panel B (5% polyacrylamide) shows the partially 
purified involucrin of (1) human, (2) rabbit, (3) pig, and (4) dog. No molecu- 
lar weight markers are included, as they do not produce discrete bands. 
Involucrin is also unusual in that it migrates as a distinct band under 
electrophoretic conditions in which most other proteins fail to re- 
solve [12]. To determine whether such a protein is present in lower 
species, cytosolic extracts were made of cultured keratinocytes from 
a lower primate (lemur) and from three subprimates (rabbit, dog, 
and pig) and most of the non-involucrin proteins were precipitated 
by heating to 100°C. In each case, subsequent electrophoresis of the 
supernatant showed a single dominant protein band (Fig 2). The 
mobility of the dominant protein was different in each species, the 
human protein being the slowest. 
Reactivity of the Involucrins with Antisera Each protein was 
tested by immunoblot analysis for its ability to bind antiserum raised 
against intact human involucrin. The lemur, dog, and pig proteins 
reacted so weakly that the interpretation was doubtful. There was 
no detectable reaction by the rabbit protein. 
Antisera were raised to four different peptide sequences contained 
in the human ancestral segment (Fig 1 and Table I). Two of these 
sequences were located within the 153 residues of the ancestral 
segment located on the N-terminal side of the modern segment and 
two were located within the 44 residues located on the C-terminal 
side of the modern segment. The putative lemur and dog involucrin 
reacted with antiserum raised against residues 2-21 (Fig 3). Rabbit 
involucrin reacted with antiserum to residues 127 - 141. The puta- 
tive involucrin of the pig did not react with either of these antisera. 
None of these involucrins showed reactivity with antiserum di- 
rected against sequences from the C-terminal part of the human 
ancestral segment. 
An antiserum was made to a peptide corresponding to lemur 
residues 226-240 (Table I). This sequence, which is repeated 19 
times in the lemur protein, is different from the sequence repeated 
in the higher primates [S]. Th e antiserum reacted with the same 
lemur protein as did antihuman 2 - 2 1, thus confirming that this 
protein is an involucrin. No involucrin of any other species reacted 
with the antiserum to the lemur sequence. 
An antiserum raised against intact dog involucrin reacted with the 
involucrin of human and lemur as well as dog. This cross-reactivity 
was similar to that of the antiserum against residues 2-21 of the 
human protein (Table II). 
Subprimate Involucrins Are Substrates for the Human Mem- 
brane-Associated Transglutaminase Each partially purified in- 
volucrin was tested for its ability to incorporate 14C-glycine ethyl 
ester, using transglutaminase supplied by a particulate fraction of 
Table I. Involucrin Peptide Used for Immunization 
Location in 
Human Protein 
Relative to 
Residues # Sequence Modern Segment 
Human 2-21 SQQHTLPVTLSPALSQELLK N-terminal 
127- 141 KKLLDQQLDQELVKR N-terminal 
541- 557 EQPVFAPAPGQVQDIQP C-terminal 
569-583 VEHQQQKQEVQWPPK C-terminal 
Lemur 226 - 240 ELHLGKQQAPQEQEL ___ 
The complete amino acid sequence of human involucrin will be found in Ref 4, and 
the complete nucleotide sequence of lemur involucrin in Ref 5. 
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Piguxe 3. Immunoblot analysis of involucrin using antihuman antiserum. 
Keratinocyte extracts of (1) human, (2) lemur, (3) dog, (4) rabbit, and (5) pig 
were electrophoresed in the presence of SDS, according to Laemmli [16] and 
immunoblotted. Antisera against peptides corresponding to (A) residues 
2-21,(B) 127-141,(C) 541-557,and(D)569_583ofthehumanprotein 
were tested against each extract. Actual molecular weights of involucrin 
cannot be obtained from their mobility, as these proteins migrate aberrantly 
PI. 
sonically disintegrated human keratinocytes [2]. The reaction was 
allowed to proceed for 15 min at 37”C, and terminated by the 
addition of EDTA. The particulates were then removed and the 
supernatant containing involucrin was subjected to electro horesis. 
As seen in Figure 4, a single protein of the lemur, dog, g ra bit, and 
pig acted as an amine acceptor in a calcium-dependent trangluta- 
minase-catalyzed reaction. The electrophoretic mobility of each 
labeled protein was the same as that identified by immunoblotting. 
In addition, each labeled protein migrated as a discrete band on 
electrophoresis according to Etoh et al [12]. Differences in the total 
amounts of label in the bands shown in Figure 4 correlated with the 
amounts of prsein used in the assay. 
Table II. Reactivity of Antipeptide Sera with Partially purified 
Involucrins 
Antisera 
raised against Human 
Source of Involucrin 
Lemur Dog Rabbit Pig 
Human 2-21 + + + - - 
residues 
127- 141 + - - + - 
541-557 + - - - - 
569-583 + - - - - 
Lemur 226-240 - + - - - 
residues 
Intact dog + + ++ - - 
involucrin 
Amino Acid Composition of Dog Involucrin The amino acid 
composition of the involucrins of higher and lower primates is quite 
unusual, in that most of the protein consists of seven amino acids, 
glutamine and glutamic acid alone accounting for nearly half of the 
residues. Of the different nonprimates tested, keratinocytes of the 
dog grew best using the culture system developed for human kerati- 
nocytes [&IO]. This made it possible to grow a large number of cells 
and to purify their involucrin to homogeneity. Dog involucrin has a 
composition quite similar to that of the primates (Table III). The 
main deviation is its lower abundance of leucine. 
DISCUSSION 
Involucrin is one of the principal substrates of the membrane-asso- 
ciated transglutaminase of human epidermal keratinocytes and is 
incorporated into the cross-linked envelope [ 1 - 3,17 - 191. Involu- 
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Figure 4. Subprimate involucrins as substrates for transglutaminase. 
Heated cytosolic extracts and W-glycine ethyl ester were incubated with a 
human particulate fraction of human keratinocytes containing transgluta- 
minase activity for 15 min in the absence (a lanes) or presence (b lanes) of 10 
mM Ca++. Lanes 1, human; 2, lemur; 3, dog; 4, rabbit; 5, pig. The proteins 
were electrophoresed in the presence of SDS. Molecular weight scale per- 
mits comparison of labeled proteins with mobilities of immunoreactive pro- 
teins in Figure 3. Some of the bands appear to be doublets. These could be 
due to polymorphism for the coding region of the gene, which has been 
established for some higher primates (6), or to intramolecular cross-linking. 
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Table III. Amino Acid Composition of Dog Involucrin REFERENCES 
Amino 
Acid 
Q+E 
P 
L 
K 
G 
H 
All others 
Dog 
48.6 
9.8 
9.1 
6.6 
4.0 
2.4 
19.5 
% Total Amino Acids 
Human’ 
45.4 
7.4 
15.2 
7.7 
6.5 
4.3 
13.8 
Lemurb 
43.3 
9.8 
14.2 
7.8 
4.9 
4.4 
15.6 
*From the nucleotide sequence [4]. 
b From the m&&de sequence [5]. 
crin is known to exist in several higher primates [9]; the correspond- 
ing genes of gorilla [6], h’ p c lrn anzee, and orangutan (Djian and 
Green, unpublished ex 
As in the human gene 41, the genes of other higher primates con- P 
eriments) have been cloned and sequenced. 
tain a modern segment of IO-amino-acid repeats accounting for 
about two thirds of the protein. As the involucrins of higher pri- 
mates are similar in their modern segments, those involucrins are all 
recognized by antisera directed against the modern segment of 
human involucrin. 
It has been difficult to obtain unequivocal proof of the presence of 
involucrin in lower primates and subprimates. Keratinocyte extracts 
of lemur and pig, purified according to Etoh et al [12], react very 
weakly with antisera raised against intact human involucrin [see also 
Ref 91. This is not surprising, as these involucrins lack the modern 
segment characteristic of the higher primates and possess instead a 
segment of repeats of a different sequence [5]. By preparing antisera 
against sequences in the N-terminal part of the ancestral segment of 
human involucrin, it has been possible to see clearly the antigenic 
relatedness to the human of the lemur, rabbit, and dog proteins. As 
no such cross-reaction was seen with antisera to peptides corre- 
sponding to the human C-terminal part of the ancestral segment, it 
seems possible that this part is less well conserved in evolution. 
Although the putative involucrin of pig cells could not be de- 
tected with the anti eptide antisera, the gene for pig involucrin has 
already been identi i! ed [S]. Some evidence for the existence of bo- 
vine involucrin has also been obtained [20]. It may be expected that 
keratinocytes of all mammals synthesize some form of involucrin. 
All of the involucrins tested were substrates of the human kera- 
tinocyte transglutaminase. This enzyme, when reacted with human 
involucrin, prefers a single glutamine within the modem segment 
of repeats [17]. The subprimate involucrins, although lacking the 
human modern segment [5], contain glutamine residues that act as 
amine acceptors. It will be of interest to learn whether these gluta- 
mines are also contained within a segment of repeats. 
We would like to thank Gregory Cooperfor valuable assistance during the course of 
the work. 
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